A valanches, debris flows and landslides are key components of mass transport at the surface of the Earth. They have also been observed on other planetary bodies of our Solar System, from the interior planets to the icy moons of Saturn as well as small bodies such as the asteroid Vesta 1 . On Earth these mass wasting processes feed rivers with solid materials and thus participate in the evolution of the landscape. Moreover, catastrophic landslides constitute a significant hazard for life and property. The great diversity of natural gravitational flows in terms of volumes involved (from a few cubic metres to hundreds of cubic kilometres), flowing materials (for example, soil, clay, rocks, water ice and mixtures of different materials with or without the presence of a fluid phase such as gas or water), environment (for example, different gravitational acceleration on different planetary bodies, underlying topography), triggering mechanisms (seismic, volcanic, hydrological and climatic external forcing) and physical processes involved during the flow (for example, fragmentation 2 and erosion/deposition 3, 4 ) hinder a unified view of these phenomena. Therefore, despite the great number of experimental, theoretical and field studies, the behaviour of natural landslides is still poorly understood. This prevents accurate estimation of their maximum travel distance (also known as runout distance), the area covered by the flows and of their velocity, which are crucial components of hazard assessment for these catastrophic events. Calculating these quantities requires the use of appropriate laws describing energy dissipation during the landslide. Much research has been carried out in this direction, ranging from basic energy balance considerations of a sliding block to sophisticated models of granular flows over real topography including a variety of friction laws [5] [6] [7] [8] [9] [10] . Readers can refer to a broad review already published 11 .
On the basis of the energy balance of a rigid sliding block, the Heim's ratio 5 (that is, the ratio of the drop height H to the runout distance DL 0 ), is commonly used as an estimate of the effective friction coefficient. This ratio shows a clear decrease with increasing volume, raising two types of questions: (1) What is the physical meaning of the Heim's ratio? Does it really represent the effective friction during the landslide? If not, is the suggested volume dependence only an artefact of the use of the Heim's ratio instead of the effective friction? (2) Is there a more appropriate way to quantify the effective friction? Does it really decrease with increasing volume? If so, what is causing this volume dependence?
Here we address these questions with a focus on dense, catastrophic and rapid landslides. We first compile data on landslides from the literature and from our own analysis of remote-sensing data and confirm the common observation that the Heim's ratio decreases with increasing volume. We then develop an analytical relation between flow properties and the effective friction coefficient in a continuum model of granular column collapse over an inclined plane, and show that it generally differs from the Heim's ratio. On the basis of this analytical result, we develop consistent estimates of the effective friction coefficient of real landslides across the Solar System and find that friction decreases with increasing volume. We further confirm this scaling by a more complete approach, conducting simulations that account for topography and mass deformation to determine the friction coefficient that best reproduces the observed deposits of each landslide. These numerical simulations provide also estimates of landslide velocity, which indicate that the effective friction decreases with increasing velocity. We finally propose a single velocity-weakening friction law, inspired from concepts in earthquake physics (for example, flash heating of granular contacts), and incorporate it in our numerical models to show that it reproduces well the ensemble of observations of small to large landslides on Earth and other planetary surfaces.
Results
Heim's ratio for a large landslide data set. We gathered a large collection of data on landslides on Earth (82) and other planetary bodies (89), including data from the literature and new data (42) obtained using existing digital topography models (DTM) or DTMs that we built ourselves for this purpose. Some examples are illustrated in Fig. 1 . Our DTMs, based on the most accurate available imagery and state-of-the-art photogrammetry analysis tools (see Methods), all together provide the best data set presently available on planetary landslides (see Supplementary  Table 1 ). Despite the great complexity and diversity of these landslides and the large dispersion in the data, a general relation between Heim's ratio and volume is clearly identified (Fig. 2a, see Supplementary Note 1 for the discussion on the origin of the Heim's ratio). Essentially, H/DL 0 B0.4-0.7 for volumes smaller than 10 6 m 3 and drops to values o0.1 for volumes 410 9 m 3 . This has been previously observed and interpreted as a decrease of the effective friction coefficient as the volume increases 5, 8, 12, 13 . The practical implication is that large landslides run over distances much longer than expected from the usual values of friction coefficient measured in laboratory experiments (B0.6-0.7). In this sense, large landslides are said to present high mobility or long runout distances 5, 6, 8 . However, as already long discussed in the literature, this interpretation is not as straightforward as it seems 8, 9, 11, 12, 14, 15 . Confusion between the two independent questions formulated in the introduction has led some to refute the decrease of effective friction with volume because of the questionable meaning of the Heim's ratio 15 . Its limitations as a measure of the effective friction have long been recognized in the literature, based on the fact that its definition does not involve the displacement of the centre of gravity 16 , the spreading of mass or the role of the topography 8, 9, 12, 14, 15 . Regardless of the meaning of the Heim's ratio, a possible volume dependence of the effective friction coefficient remains to be properly established by taking into account the effects of mass deformation and topography, as will be demonstrated here.
Effective friction from analytical description. To advance our understanding of the mechanics of catastrophic landslides beyond the energy balance of a sliding block, and in particular to take into account the deformation of the mass, we consider here the collapse of a granular column over an inclined plane. This situation is simple enough to be amenable to an analytical solution, leading to a closed-form relationship between the Heim's ratio and the other parameters involved in the problem (friction coefficient, bed slope and initial dimensions of the mass). On the basis of an analytical solution of the one-dimensional thin-layer depth-averaged equations of mass and momentum conservation with a Coulomb friction law [17] [18] [19] , we derive the following relationship between the effective friction coefficient m eff and the initial thickness of the released mass H 0 , the slope tany and the distance travelled by the front along the slope DL (see Supplementary Note 2 for the complete derivation and Fig. 2a for the definition of the parameters. Different geometries are illustrated in Supplementary Fig. 1 ):
The analytical solution also shows that the Heim's ratio is
where L 0 /H 0 is the inverse of the initial aspect ratio and k an empirical coefficient (for example, with k ¼ 0.5, the results of granular collapse experiments are quantitatively reproduced 4, 20 ).
Comparing equations (1) and (2), we observe that Heim's ratio results from a complex interplay between different quantities and differs significantly from the effective friction (details are provided in Supplementary Note 2). This is indeed confirmed by our observations (Fig. 3a) . Equation (1) provides a more consistent estimate of the effective friction coefficient found from observations. We apply it to our data set and find that the effective friction clearly decreases with increasing volume whatever the planetary environment ( Fig. 2c and see the subsection concerning application to real data in Supplementary Note 2). Combining laboratory and natural scale data (Fig. 2c) , we find that the friction decreases for volumes larger than B10 3 m 3 .
Effective friction from numerical modelling. The analytical approach does not account for the complex effect of the threedimensional (3D) topography, which plays a key role in the landslide dynamics and deposits. Furthermore, the value of the effective friction coefficient derived from the analytic solution is mainly derived from the data on runout distance. We therefore assess here the ability of this empirical friction coefficient to explain the full extension of the deposits by simulating some landslides using the SHALTOP 20-22 numerical model that takes into account the real 3D topography. Although this model does not account for all the complex aspects of natural flows, such as the presence of heterogeneous materials (nature and size) or a fluid phase (gas or liquid) and the physical processes potentially acting during the flow (for example, fragmentation 2 , erosion/ deposition 3,4 ), it represents a significant advance compared with simple analytical solutions or scaling laws because of its ability to account for topography effects and mass deformation. For each landslide, we used SHALTOP simulations to determine by trial and error the friction coefficient m s that best reproduces the deposit area inferred by satellite imagery analysis 9,10 (see Supplementary Fig. 6 ). We found that m s was very similar (within 3°) to the effective friction coefficient m eff obtained from the analytical solution (Fig. 3b) . Their difference is within the range induced by the uncertainty of the estimate of the initial scar geometry 10 . This is an important result for the calibration of numerical models, indicating that an estimate of the friction coefficient needed to simulate real landslides can be readily obtained from equation (1) .
Many numerical studies have found friction coefficients similar to ours for landslides on Earth [23] [24] [25] . Discrete element modelling of large Martian landslides requires similar values of the friction coefficient 26 , showing that, whatever the type of model used, low friction is required to explain observations. Numerical simulations also provide an estimate of the landslide velocity. The maximum velocity is known to be overestimated in depth-averaged thin layer models by only about 20% and the mean velocity is correctly estimated 20, 27, 28 . We calculate the mean velocity from the simulations by averaging the velocity in space and time over the whole landslide surface and duration. Velocities in our simulations agree with those reported for terrestrial landslides 25 (Fig. 4a) . Dispersion in velocity values is expected given that topographic slopes over which landslides occur can vary from 0°to 40°locally as well as variousness in materials involved. Experimental work 4 has shown that the mean velocity is B2.5 times greater on a slope of 22°than that on a flat bottom. Although new constraints on landslide velocities on Earth are emerging from seismological observations 28, 29 and from a few rock avalanches that have been observed and/or filmed in situ 25 , the simulation approach adopted here is the only way to quantitatively recover landslide velocities for remote and past events on Earth and beyond.
We find that the landslide velocity increases with the volume of the released mass (Fig. 4a) . Hence, the volume dependence of m eff can be interpreted as a velocity dependence of friction, which is a more usual representation to investigate frictional weakening in solid mechanics and earthquake physics. Figure 4b shows that the effective friction decreases as a function of velocity. This general trend, observed for all landslides studied here, suggests a common mechanism that induces frictional weakening at increasing flowing velocities.
Quantification of frictional weakening. While several processes may lead to friction reduction under certain conditions 2-4,8,12,24,30-37 (see Supplementary Discussion), it is not clear if the observations can be explained by a single process or if different processes act at different scales or in different environments. To clarify this, we need to quantify these potential processes and assess their compatibility with observations and environmental conditions. As a first step in this direction, our aim is to identify empirical friction laws that provide a unifying framework to explain the landslide scaling observations across all planetary environments (for example, low gravity, airless environment and absence of water table). The challenge will then be to quantitatively compare this empirical friction law to the mechanical behaviour derived from a specific mechanism.
Here we investigate quantitatively the compatibility between our observations of catastrophic landslides and two weakening mechanisms that have been introduced in very different contexts and for which constitutive relationships are available in a form that enables comparison with our results on real landslides. These relationships are (i) a friction law controlled by flash heating proposed to explain frictional weakening during earthquakes 32, 38 and (ii) a rheology law proposed to describe laboratory granular flows 39 .
Frictional weakening with increasing slip velocity has been invoked to explain key features of earthquakes 40 and has been 10 and this study after stereo extraction from CTX and HRSC images (orange square); Martian data (Mars b ) from previous work 63 (pink square); data for the Moon (half black circle) and icy moons including Rhea, Callisto and Iapetus (grey lozenge) are from the literature 36, 64 ; Io data are from the previous work 65 (purple triangle); Venus data come from a former study 66 observed in laboratory experiments of fast sliding on rocks and gouge materials 41 . A micro-mechanical process that can lead to dramatic velocity-weakening is flash heating 32, 38 . The real contact between two rough solid surfaces generally occurs over a small fraction of their nominal contact area, on highly stressed microcontacts (asperities). Slip produces frictional heating at the microcontact scale. If slip is fast enough to prevent heat dissipation by conduction, the micro-contact experiences a significant transient temperature rise that activates thermal effects such as melting, dehydration and other phase transformations. This reduces the local shear strength of the micro-contact and leads to a macroscopic decrease of the friction coefficient as a function of sliding velocity. Laboratory observations of velocity-weakening have been previously interpreted within the framework of flash heating for rock sliding 38, 42 and granular flows 43 . Owing to its microscopic scale and effects, application of flash heating to a very rough, irregular and/or heterogeneous surface where material in contact can be different and the shear zone not well defined is still valid and thus suitable for landslides. Conceivably, flash heating may occur at the inter-granular contact level during a landslide, a point that we will discuss more quantitatively below.
The applicability of these concepts to icy moons 44 is essentially speculative as the behaviour of icy grounds on planetary bodies remains a very unconstrained problem. Theoretical and experimental studies [45] [46] [47] have shown that similar behaviour can be observed for water ice at low temperatures and for rocky materials, suggesting that flash heating might occur on ice 48 . However, quantitative differences between planetary bodies similar to the variability observed between different rocky materials on Earth is expected. Because this is a very unconstrained topic, our approach here is only a first-order analysis 36 .
Basic flash weakening theory 32,38 yields the following compact form to describe the steady-state friction coefficient as a function of slip velocity U: if ||U||4U w
otherwise,
where m o and m w are the static and thermally weakened friction coefficients, respectively, and U w is a characteristic velocity for the onset of dramatic weakening, controlled by competition between frictional heating and heat conduction (see Supplementary Discussion). Even though natural landslides could span a broad range of parameters m o , m w and U w , we found that equations (3) and (4) with a single set of parameters are consistent with the whole set of friction coefficients and velocities obtained in our simulations of real landslides (Fig. 4b) . The best fitting parameters are m o ¼ 0.75, m w ¼ 0.08 and U w ¼ 4 m s À 1 .
In order to investigate the effect of velocity-weakening friction on landslide dynamics, we introduced the friction law (3) with the global best fitting parameters in the SHALTOP numerical model. We then simulated natural landslides over 3D topography for several examples on Earth, Mars and Iapetus following previous works 9, 10 . Without any further calibration, we were able to reproduce the observed runout distance and the shape of the deposit with errors below 12%. We then determined a set of parameters that provided the best global agreement between simulations and observations for all the tested cases: Note that when the threshold in equation (3) is not used in the simulation, the deposit area is affected by o12% and the runout distance by o8%. The distribution of the velocity and hence the thickness is slightly affected, especially at the beginning of the event (to0.3t f ), but solutions tend to converge towards the end of the simulation. The mean velocities calculated with the velocityweakening friction law (3) are similar to the velocities obtained using a constant friction law with the friction coefficient m s fitted to reproduce the deposit. However, strong differences in the local velocity field and thickness are observed between these two types of simulations.
Because of the large variability of the materials involved in the different landslides, we also varied the parameters of equation (3) . The main difference is observed for U w , which might be explained by the different conditions prevailing in landslides, that is, granular material, lower confinement stress (e.g. see also Supplementary Tables 2 and 3) .
Note that small-scale laboratory experiments of granular collapse are well reproduced by finite-element numerical models using a Coulomb friction law with a constant friction coefficient 49 . Experimental studies 4 show that granular collapse over beds with slope angles up to 22°have a maximum velocity of about 2 m s À 1 , that is, o4 m s À 1 , so that equation (3) 4, 51 show that the maximum velocity is a function of ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi gH 0 cos y p . As a result, on slope angles yC30°typical for these rockfalls, the threshold velocity would be higher than 4.8 m s À 1 . All these simple calculations are in very good agreement with the empirical parameters of the friction laws (3) and (4).
Rheological laws for granular materials have been proposed in which the friction coefficient depends on the so-called inertial number 39, 52, 53 ,
Thickness ( where _ g is the shear strain rate, d the particle diameter, P the confining stress and r s the particle density. Assuming hydrostatic pressure P ¼ r s gH cosy and _ g ' U=H, where g is the gravitational acceleration, H the thickness during the flow, y the mean slope along the landslide path and U the mean velocity, we obtain
If we replace the velocity and thickness by their values averaged over space and time for each landslide, we find that, in the simulations with a constant friction coefficient, m s increases as I increases (Fig. 4c) .
On the basis of laboratory experiments, the following friction law for dense granular flows has been introduced 39 :
The parameters that best fit our simulation results are (Fig. 4c) . For reference, the following parameters from laboratory experiments have been obtained 39 : m 1 ¼ 0.36, m 2 ¼ 0.62 and I 0 ¼ 0.279. We implemented equation (7) in the SHALTOP model. Simulations adopting the best global fitting parameters obtained from Fig. 4c failed to reproduce the observed deposits. By tuning the parameters for each case individually, we were able to satisfactorily reproduce the runout distance but not the morphology of the deposits.
A multiscale phenomenological friction law for granular flows. We will now consider the similarities between the two friction laws described above (equations (3) and (7)). The flash heating friction law (equation (3)) features velocity-weakening that is a function of 1/U at large velocities. Granular shear laboratory experiments with specified thicknesses generally present velocitystrengthening behaviour consistent with equation (7) . However, in our simulations the flow thickness is unconstrained and we find that, in contrast to what is first expected from equation (6) , the inertial number I does not increase systematically with velocity U (Fig. 4d) . We find that I is mainly controlled by H; (Fig. 4e) . This is related to a very rough scaling found here between U and ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi g H cos y p (Fig. 4f) . Assuming the same relationship for non-averaged values of U and H, taken literally, would lead to Ip1/H or, equivalently, to Ip1/U 2 . As a result, the granular friction law (equation (7)) also leads to velocity-weakening, with an asymptotic behaviour of the form 1/U 2 at high velocities. Note that mpU À 0.5 has been reported for water ice 47 . This suggests that velocity-weakening with asymptotic behaviour of the power-law form 1/U n may be compatible with landslide observations and our current analysis favours an exponent n closer to 1 than to 2. Although both friction laws lead to qualitatively similar (power-law) velocity-weakening behaviour, quantitative differences in their velocity-weakening exponent make the flash heating law suitable for reproducing landslides, over a wide range of volumes and planetary environments, but not the granular flow law.
Our study suggests that a universal velocity-weakening friction law can describe small to large catastrophic landslides occurring in natural environments on Earth and other planetary bodies. Essentially, the friction coefficient is required to vary from around m l ¼ 0.7 (a friction angle of dC35°) for low velocity flows to values as small as m r ¼ 0.1 (d r ¼ 5.7°) for rapid flows. The nature of the materials involved is expected to add scatter to these values. Typically, spherical beads used in laboratory experiments 39 have friction coefficients of around 0.65, while friction coefficients of natural rocks may reach 0.6-0.7 and even 0.7-0.75 for lowtemperature water ice 45 relevant for icy moons. On the basis of the foregoing discussion, we propose the following friction law:
with m o ¼ 0.84, m w ¼ 0.11 and U w ¼ 4 m s À 1 . Including a sharp velocity threshold as in equations (3) and (4) does not significantly affect the results of our landslide simulations. Even though this friction law is similar to the one derived from flash heating theory, the physical weakening process controlling landslides could be different. Indeed, the value of U w found here is an order of magnitude higher than in solid friction experiments 54 . While this can be interpreted as a macroscopic velocity distributed over a granular shear zone a few tens of particles thick, there is evidence that inter-granular slip activity is highly intermittent 55 resulting in inter-particle velocities comparable to or faster than the macroscopic velocity 32 . An intuitive explanation of this velocity-weakening is that, whatever the scale, higher velocities increase the fluctuations in granular flows and may locally decrease the volume fraction, possibly decreasing frictional dissipation and enabling more complex flows (vortices and so on). Indeed, recent discrete element modelling of dry granular flows highlights the appearance of possible regimes dominated by large-scale vortices, significantly reducing the effective friction 56 , although this remains to be observed in laboratory experiments. Different mechanisms may also be responsible for this friction weakening, owing to the great complexity of natural landslides that involve very different material properties (for example, composition and strength), environment variables (for example, air pressure and gravity) and physical processes at play (for example, fluid/grain interactions and erosion/deposition processes). Rock friction experiments showing a similar velocity-weakening behaviour have also been associated with a multitude of physical processes 54 (note that equation (8) can be used to fit these experiments, see Supplementary Fig. 7 ). Finally, we were able to obtain a predictive curve from the velocity-dependent friction by returning the relationship between velocity and volume (see U max Earth on Fig. 5a ) into equation (8) as shown in Fig. 2c . The best fit on the terrestrial data (that is, including experimental results) is obtained for m o ¼ 0.56, m w ¼ 0.05, U w ¼ 4 and U ¼ 0.17V 0.21 with a coefficient of determination R 2 ¼ 0.90. Nevertheless, variations of these parameters are expected for each individual landslide as mentioned previously.
Discussion
Using a large range of well-constrained data on landslides observed on different planets, an analytical solution of dry granular flows and numerical modelling over realistic 3D topography, we have demonstrated that the classically used Heim's ratio is not equal to the effective friction acting on landslides. We propose a more accurate way to quantify this effective friction based on field observations or remote-sensing data. As previously observed for the Heim's ratio and despite the large variety of landslide environments examined here, a clear decrease of the effective friction with increasing volume of the released mass is found while accounting for the deformation of the sliding mass and the 3D topography.
The novelty in our study is the correlation between the sliding velocity and the volume. The observed decrease of the friction coefficient with volume can be interpreted as velocity-dependent frictional weakening. Comparing numerical models of natural landslides on real 3D topography to field data on their deposits, we find an empirical relationship between the effective friction and the flow velocity. This relationship is surprisingly similar to a friction law derived for weakening by flash heating. The resulting friction coefficient varies from high values, up to m o ¼ 0.7-0.8, at low velocities (that is, small volumes) to very small values, down to m w o0.1, for rapid flows (that is, large volumes). Simulations of natural landslides based on this empirical friction law, with a single set of parameters, reproduce the observed landslide deposits with good accuracy over a very broad range of volumes and contexts. In contrast, we find that a friction law derived from laboratory experiments of granular flows is not compatible with natural observations. Although our analysis cannot determine the physical origin of frictional weakening in landslides, we propose here a velocityweakening friction law capable of describing, under a unifying phenomenological framework, the behaviour of small to large landslides observed on different planetary bodies.
Methods
Analytical solution. The analytical solution was developed on the basis of various studies [17] [18] [19] and describes the collapse over an inclined plane of a granular mass of effective friction coefficient m eff ¼ tand, where d is the effective friction angle of the granular material. This solution is derived from the one-dimensional thin-layer depth-averaged equations of mass and momentum conservation with a Coulomb friction law, using the method of characteristics 17, 19 (see Supplementary Notes 1 and 2).
Landslide identification and topographic reconstruction. For geomorphic measurements and numerical simulations, the initial scar geometry, the shape of the initial released mass and the bottom topography were reconstructed from observations using remote-sensing data in order to identify the landslide deposits in optical and elevation data. Landslides were identified using imagery provided by the Planetary Data System from the Mars Reconnaissance Orbiter, Mars Express, Cassini and Galileo missions. We produced the digital elevation models by photogrammetry based on rigorous sensor models from which ephemeris (that is, SPICE kernels) were extracted from the USGS ISIS software distribution 57 (Integrated Software for Imagers and Spectrometers) and the NASA Ames StereoPipeline 58 for data from the Cassini and Galileo missions. For the Mars Reconnaissance Orbiter cameras (HiRISE and CTX), DTM extraction was carried out on our photogrammetry workstation using the SOCET SET commercial software suite from BAE Systems. Bundle adjustments were performed for all of our examples in order to minimize errors due to uncertainties on SPICE kernels. In order to provide a realistic bottom topography, we reconstructed the initial mass released using geographic information system applications as already described 10, 59 (see Section 4.2.2 of previous study 10 ) and performed previously 9, 10, 27, 59 .
Numerical simulations. The simulations were performed using the SHALTOP model 20, 21 based on the thin layer approximation for the depth-averaged equations of mass and momentum conservation with a Coulomb friction law. This model has been successfully applied to the modelling of laboratory experiments and natural examples 9, 10, 20, 21, [27] [28] [29] 50, 60 . Comparison with experiments of granular collapse and with discrete element models 20, 61 shows that thin-layer models adequately reproduce the deposit and the overall dynamics for aspect ratios ao1. This is the case for all the landslides for which we have a DTM and detailed field data (see Supplementary Table 1) . Although the driving forces are overestimated in thin layer depth-averaged models, leading to overestimates of the initial velocity by up to 20% for aspect ratios aC1 the deposits are correctly reproduced. Recent simulation of the seismic waves generated by the flow along the topography and comparison with seismic records suggest that the landslide dynamics are also well reproduced by these numerical models 28, 29, 50 .
For each landslide, we calibrated the effective friction coefficient of the simulation, m s ¼ tand, in order to best fit the deposit area observed from the field and/or satellite imagery analysis 9, 10, [27] [28] [29] 60 . Note that using only one empirical parameter (m s ), these models reproduce the whole deposit extension and even its general mass distribution quite well over a wide range of conditions ( Supplementary Fig. 6 ). Here, we also integrated the new rheological laws into the model as shown in Fig. 5 and Supplementary Fig. 8 .
Sensitivity of the results. The impact of the DTM resolution has already been discussed in former studies 10, 27 . Reducing the spatial resolution of the DTM by a factor of two leads to an error of about 3°on the friction angle. When necessary, the topographic grid is oversampled in order to converge in terms of spatial resolution. In order to reconstruct the pre-failure and bottom topographies, we used the method previously developed 10 which has been shown to be efficient and lead to small error on the derived friction coefficient from numerical modelling (see Section 4.2 of ref. 10 ). As shown previously, the runout distance is weakly affected by the geometry of the initial scar geometry 10 . This leads to uncertainties in the estimation of the friction angle d of about 3° (Fig. 3b) . The DTM resolutions are good enough to not affect our results in this 1-sigma band.
